Keywords: tsunami compliant prism tsunami earthquake subduction zone dynamic rupture Earthquakes generate tsunamis by coseismically deforming the seafloor, and that deformation is largely controlled by the shallow rupture process. Therefore, in order to better understand how earthquakes generate tsunamis, one must consider the material structure and frictional properties of the shallowest part of the subduction zone, where ruptures often encounter compliant sedimentary prisms. Compliant prisms have been associated with enhanced shallow slip, seafloor deformation, and tsunami heights, particularly in the context of tsunami earthquakes. To rigorously quantify the role compliant prisms play in generating tsunamis, we perform a series of numerical simulations that directly couple dynamic rupture on a dipping thrust fault to the elastodynamic response of the Earth and the acoustic response of the ocean. Gravity is included in our simulations in the context of a linearized Eulerian description of the ocean, which allows us to model tsunami generation and propagation, including dispersion and related nonhydrostatic effects. Our simulations span a three-dimensional parameter space of prism size, prism compliance, and sub-prism friction -specifically, the rate-and-state parameter b − a that determines velocity-weakening or velocity-strengthening behavior. We find that compliant prisms generally slow rupture velocity and, for larger prisms, generate tsunamis more efficiently than subduction zones without prisms. In most but not all cases, larger, more compliant prisms cause greater amounts of shallow slip and larger tsunamis. Furthermore, shallow friction is also quite important in determining overall slip; increasing sub-prism b − a enhances slip everywhere along the fault. Counterintuitively, we find that in simulations with large prisms and velocity-strengthening friction at the base of the prism, increasing prism compliance reduces rather than enhances shallow slip and tsunami wave height.
Introduction
Tsunamis induced by subduction zone earthquakes can be incredibly destructive events. Within the past few decades, tsunamis have been among the deadliest and costliest natural hazards (Smith, 2013) , killing hundreds of thousands of people and doing billions of dollars of damage. Our study addresses tsunamigenic earthquakes by using dynamic rupture models to explore how the unique shallow structure of subduction zones, specifically sedimentary prisms, influences the rupture process and tsunami generation. To motivate this effort, we provide a brief overview of tsunamigenic earthquakes, as well as the current understanding of ✩ Funding: This work was supported by the National Science Foundation (EAR-1255439) and the Alfred P. Sloan Foundation (BR2012-097).
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E-mail address: glotto@stanford.edu (G.C. Lotto). the material structure near the trench and frictional properties of the shallow plate interface, particularly as these relate to tsunami generation.
Tsunamigenic earthquakes can be broken into two major categories: great megathrust events and tsunami earthquakes (Kanamori, 1972) . The former category includes the 26 December 2004 Sumatra earthquake (Stein and Okal, 2005) and the 11 March 2011 Tohoku-Oki earthquake (Simons et al., 2011) , both M w 9.0+ earthquakes that generated large amounts of coseismic slip. The latter category includes events like the 17 July 2006 Java earthquake (Ammon et al., 2006) and the 25 October 2010 Mentawai earthquake (Lay et al., 2011) , which excited unusually large tsunamis for their body-and surface-wave magnitudes.
Coseismic slip during the Tohoku-Oki event displaced the seafloor near the Japan Trench by about 50 m, according to bathymetric surveys, GPS measurements, and acoustic ranging data (Fujiwara et al., 2011; Sato et al., 2011) . Seismic reflection data recorded days after the earthquake showed deformation in the sediments near the trench, indicating that fault rupture reached all the way to the seafloor (Kodaira et al., 2012) . Numerical modeling results indicate that rupture to the trench could occur even with shallow frictional conditions unfavorable to earthquake nucleation (Kozdon and Dunham, 2013) . It is less clear that the Sumatra earthquake ruptured to the seafloor, as slip inversions with primarily deeper slip patches fit the sparse seismic and geodetic data reasonably well (Chlieh et al., 2007; Pietrzak et al., 2007) . However, any slip that did occur near the trench could have contributed substantially to the resulting tsunami (Gulick et al., 2011; Hubbard et al., 2015) .
Tsunami earthquakes, first identified by Kanamori (1972) in reference to the 1896 Sanriku, Japan, earthquake and the 1946 Aleutian Islands earthquake, also exhibit coseismic rupture through the shallow parts of subduction zones. Polet and Kanamori (2000) identified several additional characteristics that tsunami earthquakes share: a slow rupture velocity that inefficiently releases high-frequency energy, a large distance between the earthquake source and the land, a subducting sedimentary layer with a small (under 40 km downdip width) accretionary prism at the trench, and rupture that propagates to very shallow depths. The most common explanation for the occurrence of tsunami earthquakes invokes the ease of deforming compliant accretionary prisms and subducted sediments, which are often present at subduction zone trenches (Kanamori and Kikuchi, 1993; Polet and Kanamori, 2000; Tanioka and Sataka, 1996) .
Generally speaking, the mechanism behind enhanced deformation in a compliant zone is that, in accordance with Hooke's Law, a given earthquake-induced stress change will cause greater strain and hence greater displacement in a more compliant material. In addition to the increased strain expected in the compliant prism, normal stress changes due to the presence of a bimaterial interface can affect the rupture process and facilitate unstable slip (Andrews and Ben-Zion, 1997; Weertman, 1980) . Ma and Beroza (2008) found that normal stress variations on a dipping thrust fault due to free surface and bimaterial effects can create largerthan-normal stress drops when the hanging wall material is more compliant. However, material properties may not be solely responsible for large tsunamis; Bilek and Lay (2002) pointed out that tsunami earthquakes have occurred both in regions with and without large sedimentary prisms, suggesting that frictional properties on the plate interface may also influence the rupture process.
Frictional properties are an important factor in determining rupture behavior on faults, but the frictional properties of the materials beneath subduction zone prisms are not fully understood. The conventional view of plate interfaces is that they are seismogenic only below a depth of about 5-10 km (Hyndman et al., 1997) . Below this depth, fault materials have velocity-weakening properties (they decrease in strength with increased slip velocity) and earthquakes can nucleate; above, unconsolidated clay-rich fault gouge is thought to be velocity-strengthening, inhibiting unstable slip. Our understanding of the upper limit of unstable slip is based in part on experiments showing that smectite-rich clay sediments dehydrate to form illite-rich material at ∼150 • C (Hower et al., 1976) . But experiments have shown that illite fault gouge may have velocity-strengthening properties (Saffer and Marone, 2003) . Ultimately, it is likely that the depth range of velocity-weakening behavior is controlled by a combination of sediment composition, temperature, pore fluid pressure, and effective normal stress (den Hartog and Spiers, 2013) . As a practical example from a real subduction zone, laboratory experiments on samples from the pelagic clay-based fault zone gouge of the Japan Trench found them to be predominantly velocity-strengthening, but with some amount of velocity-weakening and velocity-neutral behavior (Ikari et al., 2015) . The Japan Trench samples were also found to have low absolute friction coefficients ( f 0 ) between 0.20 and 0.26 for the fault zone (Ikari et al., 2015) . These were comparable to measurements from other clay-rich subduction zone boundaries, including Nankai (Kopf and Brown, 2003) , Barbados (Kopf and Brown, 2003) , and Costa Rica (Ikari et al., 2013) . In this study, we focus mainly on the rate-dependence effect of friction and not absolute friction (which we keep fixed at f 0 = 0.6, except in a set of simulations utilizing f 0 = 0.2), recognizing that the latter is important in determining the sensitivity of fault shear strength to changes in effective normal stress.
We return our discussion now to material structure, in order to justify the range of prism geometries and material properties to be explored in our simulations. Wide-angle seismic reflection surveys and potential-field modeling have imaged the structure of subduction zone boundaries in northern Japan (Miura et al., 2005; Nakamura et al., 2014) , Nankai (Kodaira et al., 2002; Nakanishi et al., 2008) , Sunda (Klingelhoefer et al., 2010; Kopp and Kukowski, 2003) , Cascadia (Fleming and Tréhu, 1999; Flueh et al., 1998) , Chile (Krabbenhöft et al., 2004; von Huene et al., 1996) , and elsewhere. From a structural perspective, convergent margins are complex, and no simple model can explain them all. About 25% of the global span of major subduction zones are accreting margins, which widen over geologic time scales as lower-plate sediments transfer to the inner rock framework of the upper plate. Nonaccreting margins, identified by a trench axis that moves landward and a bedrock framework that extends offshore to within a few tens of kilometers of the trench, make up the other 75% (Scholl and von Huene, 2007) . Despite the differences in tectonic setting, geophysical data show that both accreting and nonaccreting margins have frontal prisms made up of actively deforming sedimentary material. The frontal prism is underlain by a sedimentary apron of shelf-slope deposits, which can include significant amounts of mass wasting debris (von Huene and Ranero, 2003) . Frontal prisms are typically 5-30 km wide and can be several kilometers thick ( Fig. 1) (von Huene et al., 2009 ). The landward boundary of a frontal prism is defined by a mechanical backstop, a transition to a little-deforming middle prism (in the case of an accreting margin) or to a section of fragmented inner prism bedrock (in a nonaccreting margin) (Scholl and von Huene, 2007) . Our simulations span the typical width range of frontal prisms and ignore structural differences between accreting and nonaccreting margins.
Frontal prisms are composed of sedimentary materials that are more compliant than the surrounding bedrock framework. Mod- Fig. 2 . Geometry of the simulations in this study. A fault runs through the Earth with a 10 • dip angle, intersecting the seafloor, which has a flat bathymetry. In this image, W = 30 km and r, the ratio of the shear wave speed in the background Earth to that in the prism, is equal to 2.
eling frontal prisms accurately requires the use of realistically low values for elastic moduli and wave speeds of prism sediments. Core samples from the frontal prism of the Japan Trench provide a specific example of how compliant these sediments can be. Ultrasonic p-and s-wave velocities were measured on core samples recovered at depths ranging from 690.4 to 818.5 mbsf (∼7.6 km below sea level). Confining (effective) pressure was elevated stepwise from 1 to 18 MPa, and measurements showed a range of p-wave velocities (α) from 1.84 to 3.29 km/s and a range of s-wave velocities (β) from 0.80 to 1.16 km/s. The in situ values for α, β, and α/β were estimated as 2.00 to 2.48 km/s, 0.89 to 1.10 km/s, and 2.05 to 2.48, respectively (Nakamura et al., 2014) . The corresponding values for shear modulus and bulk modulus were 1.4 to 2.2 GPa and 7.2 to 11.1 GPa, respectively, assuming an approximate in situ density of 1.8 g/cm 3 (Chester et al., 2013) . These results are consistent with the highly compliant material properties observed in frontal prisms in Cascadia (Tobin et al., 1995) , Nankai (Raimbourg et al., 2011) , Costa Rica (Gettemy and Tobin, 2003) , and Barbados (Tobin and Moore, 1997) . Elastic moduli from deeper parts of the subduction zone are typically an order of magnitude or more larger. Our models span a wide range of material property values in the frontal prism, including these very compliant values.
Dynamic rupture modeling
We use 2D plane strain dynamic rupture models of a thrust fault intersecting the ocean in order to perform a parameter space survey of the factors that most strongly impact shallow slip and tsunamigenesis. Our numerical method (Lotto and Dunham, 2015) fully couples dynamic rupture to the elastodynamic response of the solid Earth and the ocean. Both compressibility and gravity are accounted for in the ocean, using a linearized Eulerian description to solve for perturbations about an initial hydrostatic state. Both ocean acoustic waves and tsunamis (including dispersion and nonhydrostatic effects in tsunami generation) are captured in this approach. By dynamically coupling seafloor deformation to the ocean surface response, we can study the entire tsunami generation process without relying on approximations of initial conditions on sea surface height and depth-averaged horizontal particle velocity that are required in the commonly used shallow water wave theory.
We choose a geometry for our models that is as simple as possible while including some of the more pertinent features of subduction zone boundaries from around the world. In our geometry (Fig. 2) , a 144-km-long thrust fault cuts through the Earth with a 10 • dip angle, intersecting the ocean bottom at the subduction trench. The seafloor is flat and the ocean depth is 5 km. (A study of tsunami generation in the presence of a sloping seafloor is deferred to future work.) The landward border of the prism dips at a 30 • angle from horizontal, typical of backstops that commonly define the edge of outer prisms in real subduction zones (von Huene et al., 2009) . In this study, we do not allow for slip on splay faults that frequently demarcate prism backstops; all slip is confined to the plate boundary interface. The size of the prism is determined by the parameter W , which is defined as the downdip extent of the prism.
Material properties at every grid point are defined by three elastic parameters: density ρ, s-wave speed β, and p-wave speed α. In the ocean, ρ o = 1.0 g/cm 3 , β o = 0 km/s, and α o = 1.5 km/s; everywhere in the Earth except for the prism, ρ e = 2.8 g/cm 3 , β e = 4.0 km/s, and α e = 7.0 km/s, consistent with lower crustal materials. To select the material properties in the prism, we interpolate between the background values and values found in the compliant prism of the Japan Trench at the JFAST drilling site (Nakamura et al., 2014) , namely ρ l = 2.0 g/cm 3 , β l = 0.9 km/s, and α l = 2.0 km/s. The three elastic parameters in the prism, ρ p , β p , and α p , are varied together by selecting a value for r, a dimensionless parameter defined as r = β e β p .
(1) 
and α p is calculated similarly (Fig. 3) . By selecting different values of r, we sweep through not only parameters but also ratios of parameters, including α/β, which ratio is 1.75 in the background rock and 2.22 in the Japan Trench. We also mention that while the present study is limited to the elastic response of off-fault materials, prism sediments are also weak in terms of their susceptibility to inelastic deformation, which may impact the rupture process in real subduction zones (Ma and Hirakawa, 2013) . Rupture on the fault is governed by the rate-and-state friction law in a differential form (Kozdon and Dunham, 2013) :
with the steady-state friction coefficient given by
where τ is the shear strength of the fault, σ is the effective nor- We set f 0 , the friction coefficient for steady sliding at V 0 , to a constant f 0 = 0.6, despite some evidence (cited above) that absolute friction may be lower in clay-rich subduction zones. Though the effects of varying absolute fault friction are largely out of the scope of this paper, the simulations we ran using f 0 = 0.2 show somewhat lower slip at the trench but qualitatively similar results as when f 0 = 0.6 (see Supplementary Fig. 1 ). The decreased slip at the trench is due to the fact that initial shear stress must be set lower when the absolute friction coefficient is lower. Differences between f 0 = 0.6 and f 0 = 0.2 are more pronounced in models with velocity-weakening friction and more compliant prisms, i.e., models with higher slip at the trench. In order to account for poroelastic changes in pore pressure, p, as a response to changes in total normal stress, σ , we use the linear relation p = B σ , with B = 0.6. The poroelastic effect alters stress as
which serves to partially buffer the changes in effective normal stress. Equation (5) is a limiting case of a model (Cocco and Rice, 2002) where the fault is surrounded by highly damaged material; in that limit, B is Skempton's coefficient.
Initial effective normal stress σ 0 is calculated as the difference between normal stress in the Earth and pore pressure. Normal stress on the fault is set to lithostatic -a decent approximation given the shallow fault dip -and pore pressure is hydrostatic. Effective normal stress increases with depth to a maximum of σ 0 = 40 MPa, at which point pore pressure increases lithostatically.
Initial shear stress on the fault, τ 0 , is τ 0 = 0.6σ 0 . Earthquakes are nucleated by perturbing shear stress on the fault at a depth of 13 km below the seafloor, 75 km away from the trench.
We perform a parameter space survey in three dimensions: r, For most simulations, we use a grid spacing of 200 m in both the vertical and horizontal directions. For the majority of our simulations, mesh refinement leads to little or no difference (less than ∼2%) in final slip and tsunami height. However, at the edge of parameter space where W = 30 km and b − a = ±0.004, doubling the mesh resolution leads to a more substantial (greater than ∼5%) change in slip. In those cases (i.e., Fig. 7a, b, i, j) , we show the results of simulations with 100 m grid spacing.
Results and discussion
The parameter space survey reveals that prism size, compliance, and friction each help determine fault slip and tsunami height, and that the parameters r, W , and b − a interact with each other in significant and sometimes unexpected ways. Most notably, we find that in most but not all cases, the presence of a compliant prism causes enhanced slip which in turn increases tsunami heights. However, compliant prisms also play several other roles in the earthquake rupture process.
For example, we find that for prisms of all sizes, the rupture velocity slows significantly as rupture reaches the prism, due to lower shear speeds (Fig. 4) . Sub-prism friction can influence rupture velocity by inducing supershear propagation at the base of the prism when friction is velocity-weakening (compare Fig. 4c and d) .
Models with r = 1, i.e., no material property contrast between the prism and surrounding rock, have sub-Rayleigh rupture velocities that are fairly constant with depth or speed up slightly near the trench ( Fig. 4a and b) . Note that simulations with r = 1 have no compliant prism, but they do have frictional properties determined by W and b −a; this accounts for the difference in results between Fig. 4a and b .
However, earthquakes that rupture through compliant prisms slow considerably as they approach the trench, limited by the shear-wave speed in the prism (Fig. 4c and d) . Note that even though r largely controls the rupture velocity, slip velocity and total slip are strongly influenced by shallow friction. For example, comparing Fig. 4c and d we see that in both cases rupture velocity slows in the 30-km region at the base of the prism due to the compliant material properties within the prism. But only in d, the simulation where sub-prism friction is velocity weakening, does slip velocity notably increase.
We present a series of simulations holding W and r constant while varying shallow b − a. We find that moving from velocitystrengthening to velocity-weakening friction -increasing the parameter b − a -on the fault at the base of the prism resulted in greater amounts of slip, not only near the trench but also deeper down along the fault (e.g., Fig. 5 ). The reason for this enhanced slip along the entire fault can be seen by comparing Fig. 4a and b ; when the fault is velocity-weakening at the trench (as in b), the rupture propagates back down the fault after reaching the trench.
Increasing b − a, i.e., enhancing slip, also leads to the generation of larger tsunamis. Tsunami height is defined herein as vertical displacement at the sea surface at time t = 250 s, by which point all ocean acoustic waves have propagated out of the domain. The time of measurement is somewhat arbitrarily chosen, but since our simulations are in 2-D, there is no amplitude decay from geometric spreading and only a slight amount from dispersion. The effects of modifying b − a are more pronounced for larger prisms than for smaller prisms (Fig. 5) , and in this sense we can view prism size W as having an amplifying effect on enhanced slip and tsunamigenesis. Separately, we look at a series of simulations where we hold W and b − a constant and vary the prism compliance, r. The results of these simulations turn out to be highly dependent on the choice of b −a. For example, when b −a ≥ −0.002, increasing the compliance of the prism leads to greatly enhanced slip and significantly larger tsunamis (see Fig. 6a -j and Fig. 7c-j) . This phenomenon is true for prisms of any considerable size. That more compliant prisms tend to enhance shallow slip and tsunamigenesis for most choices of shallow b − a and W is unsurprising, given the general consensus in the tsunami community that compliant sedimentary material is often associated with tsunami earthquakes (e.g., Kanamori and Kikuchi, 1993; Polet and Kanamori, 2000) . However, we find that in certain circumstances increasing r actually leads to decreased slip. In particular, when W = 30 km and b −a = −0.004 (velocity-strengthening shallow friction), prism compliance is negatively correlated with shallow slip (Fig. 7a) . This is an unintuitive result given the role compliant prisms are generally thought to play in enhancing tsunamigenesis via shallow deformation. We have found no clear explanation for this result, but we offer some observations from slip history plots (see Supplementary Fig. 2 ). When W = 30 km and b − a = −0.004, the simulation with no compliant prism (r = 1) results in a rupture that propagates smoothly through the region with velocitystrengthening friction. But with a compliant prism (r = 3 and r = 5), the rupture slows significantly in the prism and partially reflects, propagating back down the fault. Meanwhile, the upwardpropagating rupture front decreases in slip velocity and barely makes it all the way through to the trench. The most obvious difference between models with and without a compliant prism is that with a compliant prism, slip velocity goes nearly to zero be- low the rupture front as the rupture propagates through the prism. By the time the rupture reaches the trench, there is a deficit of slip in the shallow part of the fault that is never overcome. We note that for low values of r, slip is nearly uniform in the shallow portion of the fault, only a few meters higher at the trench than at depth (see, e.g., the gray curve in Fig. 6i ). This result might, at first, seem to conflict with Geist and Dmowska (1999) , who found, in their study of static elastic solutions for constant stress drop cracks on dipping faults, that slip should take its maximum value at the free surface. However, in our simulations stress drop is not constant on the fault but rather decreases toward the trench, which may account for some of the difference. Additionally, our simulations include inertia whereas Geist and Dmowska calculated a static displacement field from an ideal crack model. Across our simulations, there is no straightforward linear relation between compliance and shallow slip as might have been anticipated from linear elasticity in a homogeneous medium. For example, in Fig. 6(i) , when r = 2 the ratio of the shear modulus in the surrounding Earth to that in the prism is 44.8 GPa/9.1 GPa ≈ 4.9, but the shallow slip is nearly identical to the r = 1 case. Only when that ratio gets much more extreme -11.9 for r = 3, 22.1 for r = 4, 35.5 for r = 5 -does slip increase significantly.
We can quantify the time-dependent earthquake source process using seismic potency per distance along strike, P , defined as
where s is slip and x follows the downdip axis over fault length L = 144 km. Potency is equivalent to moment per unit rigidity, and avoids any ambiguities in choosing a shear modulus when, for instance, there are different materials on opposite sides of the fault.
We also define potency rate, Ṗ = dP /dt. In Fig. 8 , we plot Ṗ as a function of time for various simulations with W = 30 km, which lets us observe differences in slip history for different sets of parameters. For b − a ≥ −0.002, we see a peak in potency rate that is dependent on prism compliance, where more compliant prisms see a delayed peak in Ṗ due to rupture velocity decreasing with larger r. Naturally, this peak in Ṗ is greater for higher values of b − a. For the case where b − a = −0.004, the correlation between r and the time of peak Ṗ is less clear, especially for the most compliant model. For r = 5, the rupture slows significantly but does not generate enough shallow slip to appear as a peak in potency rate. Finally, in order to get a measure of an earthquake's efficiency at generating tsunamis, we define the dimensionless quantity ε as
where h max is the maximum tsunami height at a given time. We note that P /L is the average slip on the fault, s . Tsunami efficiency, ε, is measured at time t = 250 s, at which point all higherfrequency acoustic waves oscillating in the compressible ocean have propagated out of the domain. A larger value of ε indicates that for a given set of parameters, the resulting tsunami is large relative to the amount of slip along the entire fault. Fig. 9 shows that in medium and large prisms (W = 20, 30 km), tsunami efficiency increases with r and with shallow b − a. In smaller prisms (W = 10 km), ε has a small but negative correlation with r. Small compliant prisms cause increased slip at the trench but slightly decreased slip at depth, leading to average slip that is about equivalent to models with no compliant prism. This slip pattern actually leads to very slightly lower maximum tsunami heights, and thus a decreased ε.
Conclusions
Earthquakes that rupture through compliant prisms can exhibit many of the characteristics of tsunami earthquakes. On the fault at the base of the prism, rupture velocity slows significantly, limited by the lower shear wave speed of prism sediments. Shallow slip usually increases compared to models without a prism, enhancing seafloor deformation and creating larger tsunamis. With larger and more compliant prisms and more favorable frictional conditions, these earthquakes can generate tsunamis very efficiently with re- spect to the total slip they produce. Smaller compliant prisms tend to have little to no effect on tsunami height, regardless of friction and material properties. The wide range of results produced by varying just these three parameters points to the importance of studying subduction zone earthquakes with realistically complex numerical models, and of continuing to gather data on frictional and material properties of prisms in convergent margins where tsunamis may pose a significant threat to local populations.
